Objective: To determine whether obesity-induced hypertension was associated with alterations in vascular contractility and/or cardiac function. Design: Male Sprague-Dawley rats were fed either a low fat (LF; 11% kcal as fat) or a moderately high fat (MHF; 32% kcal as fat) diet for 11 weeks. Measurements: Body weight; mean arterial pressure; angiotensin peptides; mesenteric contractile response to phenylephrine (PE), potassium chloride (KCl), serotonin, angiotensin II (AngII), calcium chloride; baseline and isoproterenol-induced cardiac contractility; baseline and isoproterenol-induced coronary artery blood flow. Results: Rats fed the MHF diet segregated into obesity-prone (OP) and obesity-resistant (OR) groups. OP rats exhibited elevations in mean arterial pressure (MAP) and elevations in systemic concentrations of angiotensin peptides. Mesenteric arteries from OP rats exhibited a greater contractile response to PE, KCl and serotonin (5-HT). Heightened responses to PE persisted in arteries from OP rats even after normalization of the response to KCl. In contrast, the response of permeabilized mesenteric arteries to a maximal concentration of calcium was similar in rats from each group. Isolated perfused hearts exhibited similar baseline and isoproterenol-induced contractility in rats from each group. However, isoproterenol was unable to increase coronary artery blood flow in hearts from OP rats. Conclusion: Enhanced vascular reactivity may contribute to obesity-induced hypertension, while reductions in coronary artery relaxation would impair the ability of the heart to respond to increased myocardial demand.
Introduction
The prevalence of obesity is markedly rising in Western societies, 1 and is of considerable concern given the strong association between obesity and cardiovascular diseases such as hypertension. 2 Retrospective analysis of results from the Framingham study revealed an attributable risk for hypertension as high as 30% in obese men and women. 3 Experimental evidence demonstrates that excess weight gain increases blood pressure; 4 conversely, loss of weight in hypertensive patients lowers blood pressure. 5 Despite this clinically established association, mechanisms linking obesity to hypertension are not fully understood. Human obesity hypertension is associated with abnormalities in endothelium-dependent and independent vasodilation. [6] [7] [8] [9] In rat models of monogenic obesity, including
Zucker fa/fa rats and JCR:LA-cp rats, alterations in both endothelium-dependent vasorelaxation and vascular contraction have been reported. [10] [11] [12] [13] [14] [15] However, human obesity primarily results from alterations in a combination of different genes (i.e., polygenic) that interact with environmental factors such as diet to promote aspects of the metabolic syndrome. Outbred Sprague-Dawley rats respond to a moderately high fat (MHF) diet with either an obesityprone (OP) or obesity-resistant (OR) phenotype. 16 A polygenic mode of inheritance of the OP and OR traits is suggested by the ability to selectively breed rats for these traits. 17 Using this polygenic model, we have recently demonstrated elevations in mean arterial pressure (MAP) in OP rats fed a MHF diet (32% kcal as fat). Interestingly, rats resistant to the development of obesity do not exhibit an increase in blood pressure. 18 Elevations in MAP in OP rats were associated with an activated systemic and adipose renin-angiotensin system. 18, 19 In addition, administration of the angiotensin type 1 (AT1) receptor antagonist, losartan, resulted in a greater reduction in blood pressure in OP than OR rats. 20 These results support a role for the reninangiotensin system in the blood pressure elevation of this polygenic rat model of diet-induced obesity. Obesity-associated hypertension may result from an increase in peripheral vascular resistance or cardiac output, either of which could be angiotensin mediated. Endothelial dysfunction has been previously defined in blood vessels from rodent models of diet-induced obesity. 13 The purpose of this study was to determine whether vascular contractile responses to several different agonists were enhanced in mesenteric resistance arteries from rats with diet-induced obesity and hypertension. Moreover, we examined cardiac contractile function and coronary artery perfusion pressure in isolated hearts from rats with diet-induced obesity and hypertension.
Materials and methods

Animals
All procedures involving animals were approved by the Institutional Animal Care and Use Committee at the University of Kentucky. Male Sprague-Dawley rats (450 g, 3 months of age; Charles River) were randomly assigned to receive either a LF diet (10.6% kcal as fat, n ¼ 10) or a MHF diet (32% kcal as fat, n ¼ 24) for 11 weeks. Rats were housed individually for the duration of the study and food and water were provided ad libitum. Body weights (BW) were recorded daily. Segregation into OP and OR groups was performed by plotting the histogram of BW gain frequency distribution, as previously described. 16 Rats with the highest BW gain (upper one-third) and the lowest BW gain (lower one-third) were assigned to the OP and OR groups, respectively. This segregation lead to eight rats per group and was confirmed by w 2 analysis comparing OP and OR groups to rats fed the LF diet. OP rats had a higher BW gain compared to the highest BW gain of rats fed the LF diet, whereas OR rats had a lower BW gain compared to the highest BW gain of rats fed the LF diet. Rats that did not belong to the OP or OR groups were not studied further. The adiposity index was calculated from the sum of the individual fat pads weights (epididymal fat (EF), retroperitoneal fat (RPF))/(BW-sum of fat pads)*100. 
Plasma angiotensin peptide measurement
Blood was collected from all rats by aortic puncture into tubes containing ethylenediaminetetraacetic acid (EDTA) (0.38 mol/ l) for separation of plasma. The concentration of angiotensin peptides in plasma (1 ml) was determined using high-performance liquid chromatography followed by quantification through radioimmunoassay with a chicken AngII antibody exhibiting crossreactivity to each of these angiotensins.
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Mean arterial pressure After 11 weeks on the diets, tail artery catheters were implanted under pentobarbital anesthesia (50 mg/kg) in all rats. The catheter was tunneled under the skin, exited at the interscapular area, and then was lead through a protective flexible spring to allow for free movement. Rats were allowed to recover for 1 day, and then MAP was recorded for 30 min each day for 5 days in conscious unrestrained rats, between 08:00 and 10:00 hours to avoid diurnal variations. The arterial pressure signal from a Cobe transducer attached to the tail artery catheter was amplified and displayed on Grass model 7 polygraph. Data were digitally sampled at 500 Hz using a National Instruments E-series A/D converter. MAP was resolved from the data recording.
Vascular contractility
Details of the procedure for measuring intact and permeabilized vascular smooth muscle contraction were described previously. 23, 24 Briefly, the tree of superior mesenteric arteries was harvested from LF, OP and OR rats after 11 weeks on the respective diets. The surrounding fat tissue was carefully and completely removed under stereomicroscopes. The small fourth-order mesenteric artery branches were cut into spiral strips (about 3 mm in length and 400 mm in width). Endothelium was removed mechanically; this was confirmed by the loss of acetylcholine-induced relaxations (data not shown). The two ends of the small strips were fixed to two tungsten wires by monofilament thread. One tungsten wire was attached to a very sensitive force transducer (Akers AE801; AME, Horten, Norway). After equilibration, the small mesenteric arterial strips were stimulated with high potassium, phenylephrine (PE), serotonin (5-HT) and AngII, as indicated in the figure legend.
To measure Ca 2 þ -induced smooth muscle contraction, tissue strips were permeabilized by Staphylococcus aureus a-toxin (17.5 mg/ml for 45 min; List Biological Laboratories, Campbell, CA, USA) in Ca 2 þ -free medium and intracellular Ca 2 þ -stores were depleted by A23187 (10 mM). Maximal Ca 2 þ induced contractions were induced by an intracellular solution containing 30 mM Ca 2 þ (pCa4.5).
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Isolated perfused heart
The isolated, perfused heart was used to examine alterations in the cardiac responsiveness to isoproterenol according to previously published methods. 25 After general anesthesia with intraperitoneal pentobarbital (60 mg/kg) and heparin (1500 U/kg), the heart from each rat was quickly extracted from the thoracic cavity, immersed in ice-cold Krebs buffer, and mounted onto a nonrecirculating heart-perfusion apparatus. Retrograde perfusion through the aorta was initiated with oxygenated Krebs buffer (in mmol/l: NaCl 128, potassium chloride (KCl) 4.8, KH 2 PO4 1.2, MgSO 4 1.2, NaHCO 3 25, dextrose 11, CaCl 2 1.6; EDTA 2 pmol/l; PaO 2 500-600 mm Hg; pH 7.4) and maintained at a constant temperature of 371C. Coronary flow rate was adjusted to maintain mean coronary perfusion pressure (CPP) of 65-70 mm Hg in each heart and was monitored by an in-line pressure transducer at the level of the aortic root connected to a Digi-Med blood pressure analyzer (Micro-Med, Louisville, KY, USA). The atria were removed and the atrioventricular node was cut to allow cardiac pacing at 300 beats/ min (5 Hz, 5 V, 2-m duration) by inserting two Teflon-coated silver wires connected to a Grass stimulator into the right ventricular free wall. A latex balloon connected to PE-90 tubing attached to an in-line pressure transducer was inserted into the left ventricle to monitor the left ventricular waveform and to determine cardiac parameters using a DigiMed heart performance analyzer (Micro-Med, Louisville, KY, USA). Balloon volume was adjusted to obtain a left ventricular end-diastolic pressure (LVEDP) of 5-10 mm Hg. After a 20-min stabilization period, CPP, heart rate, LVEDP, left ventricular maximum pressure (LVPmax), and first derivative of left ventricular pressure ( þ dP/dt) were recorded continuously. Subsequently, the cardiac response to isoproterenol (10 nM) was determined in each group of rats.
Statistical analysis
Data are represented as mean7s.e.m. BW was analyzed by ANOVA with repeated measures over time. The EC 50 was calculated for each individual concentration-response curve to agonist using nonlinear regression analysis of data fitting a single-site hyperbola (GraphPad Prism). Blood pressure, adiposity index, EC 50 's and angiotensin peptide concentrations were analyzed by ANOVA, followed by Tukey's test for differences when appropriate. Between-group differences in cardiac contractility and coronary vascular flow were analyzed by two-way ANOVA, followed by Tukey's test for differences when appropriate. Statistical significance was accepted at a value of Po0.05.
Results
Development of obesity in OP versus OR and LF rats
Frequency distribution histograms (data not shown) were used to segregate rats fed the MHF diet into OP and OR groups based on their BW gain. OP rats exhibited significantly higher BW compared to OR starting at week 2 on the diets (Figure 1 ). BW of OP rats were significantly greater than those of LF starting at week 3 ( Figure 1 ). On the final week, BW of OP and OR rats differed by 100 g (BW; OR: 567717; OP: 674712 g). The adiposity index of OP rats was significantly increased compared to LF and OR (LF, 4.470.4; OR, 4.170.2; OP, 6.370.2%; Po0.05).
Plasma angiotensin peptides and MAP are elevated in OP rats
The plasma concentration of angiotensin peptides was significantly increased in OP rats compared to OR and LF ( Figure 2 ). After 10 weeks on the respective diets, MAP was To investigate whether alteration of calcium influx plays a role in PE-induced vascular hyper-reactivity in mesenteric arteries from OP rats, we determined the contractile response to high potassium (154 mM KCl) in arteries from LF OP, and OR rats. Arteries from OP rats exhibited a significantly larger contractile response to potassium compared to those from OR and LF rats (Figure 3b) . Interestingly, the sensitivity to PE-induced contractions remained higher in strips from OP rats compared to LF even when normalized to the respective potassium-induced contraction (EC 50 : LF, 4.871.5; OR, 4.571.9; OP, 1.270.2 mM, Po0.05). However, differences between OP and OR were no longer statistically significant when normalized to potassium-induced contractions (Figure 3c ). Enhanced responsiveness to contractile agonists in arteries from OP rats were not limited to PE, as the mesenteric artery strips from OP rats exhibited a greater contractile response to 5-HT (1 mM) compared to LF (Figure 4a) . Normalization of the contractile response to 5-HT to maximal potassium-induced responses resulted in a heightened contractile response in OP rats; however, this did not reach statistical significance (% maximal potassiuminduced contractions: LF, 47.478.8; OR, 62.979.0; OP, 101.8719.0; P ¼ 0.06). Interestingly, the contractile response to AngII (100 nM) was similar in arteries from LF, OR and OP rats (Figure 4b ). In addition, the contractile response to a maximal concentration of calcium was not altered in a-toxin permeabilized mesenteric artery strips from LF, OP and OR rats ( Figure 5 ).
Coronary artery dilation is diminished in hearts from OP rats
To examine the effect of diet-induced obesity and hypertension on cardiac function, we measured cardiac contractility and coronary vascular reactivity in hearts from LF, OR and OP rats. Baseline cardiac contractility and the contractile response to isoproterenol (10 mM) did not differ between rat hearts from all groups (Figure 6a Cardiovascular dysfunction in obesity hypertension CM Boustany-Kari et al (Po0.05). In contrast, isoproterenol-induced increases in coronary flow were markedly attenuated in hearts from OP rats ( Figure 6B ).
Discussion
We examined vascular and cardiac function in rats with dietinduced obesity and hypertension. Our findings demonstrate that elevations in blood pressure in obese rats were associated with enhanced vascular contractility, and diminished coronary vascular relaxation. In addition, given that contractile dysfunction in vessels from obese rats was generalized to several different agonists, these results suggest that differences in receptor density may not be the primary mechanism for enhanced blood vessel responses in obese rats. Contractile responses of the heart to b-agonist stimulation were not altered in obese rats. However, while b-agonist stimulation elicited a robust increase in coronary artery flow in hearts from LF and OR rats, hearts from obese rats did not respond to isoproterenol. Thus, obesity-induced hypertension was associated with a decline in coronary artery relaxation.
In agreement with previous studies, rats fed the MHF diet segregated into OP and OR, with considerable differences in their BW and adiposity. 18 In addition, we confirmed the presence of hypertension in OP rats at 10 weeks on the MHF Cardiovascular dysfunction in obesity hypertension CM Boustany-Kari et al diet. 18, 21 This was accompanied, as previously described, by a significant elevation in angiotensin peptides, supporting a role for angiotensin II (AngII) in obesity-induced hypertension. 18 Previous investigators have reported either enhanced contractile responses to agonists, or no change in reactivity, using a variety of different blood vessel preparations from rat and mouse models of obesity. In the superior mesenteric artery from Zucker obese rats, the contractile response to endothelin-1 was increased in an age-dependent manner. 14 However, the contractile response to KCl was not altered. In aortic rings from Zucker obese rats, the contractile response to AngII was increased compared to lean controls. 26 In C57BL/6 mice fed a high fat diet, the contractile response of the carotid artery to endothelin-1 was increased. 27 Similarly, a high fat diet resulted in obesity associated with an enhanced contractile response of the femoral artery to PE and norepinephrine. 28 These responses were not observed in mice fed the diet for 1 week, suggesting a role for obesity in enhanced vascular contractility. In female rats fed a highly palatable cafeteria diet, the contractile response of thirdorder mesenteric arteries to KCl and norepinephrine did not differ between obese and lean rats. 29 While previous studies focused on larger capacitance vessels, we examined the contractile sensitivity of 4th order mesenteric artery branches to a variety of different agonists, using vessels from rats that exhibited hypertension from diet-induced obesity. Our rationale for studying small mesenteric artery branches was to examine contractile function in a resistance vessel more closely linked to MAP. We compared various contractile agonists to determine if changes in reactivity were receptor-specific or generalized. Our results demonstrate a generalized increase in contractile sensitivity of the mesenteric artery to several different agonists in hypertensive diet-induced obese rats. Given the broad increase in sensitivity to different contractile agonists, including KCl, in obese hypertensive rats, it is likely that postreceptor mechanisms mediate the observed enhanced vascular responsiveness. In contrast to the increased contractile response to PE, 5HT and high potassium, we observed that vessels from OP rats exhibited a similar contractile response to AngII compared to OR and LF. We previously reported a reduction in AngII receptor density in the kidney of OP rats with elevated systemic AngII. 18 Reductions in AngII receptor density in vessels from OP rats may have masked the ability to detect an enhanced in vitro contractile response in vessels from OP rats. However, the greater availability of systemic AngII receptor ligand in OP rats would be anticipated to elicit a heightened contractile response in vivo, possibly contributing to elevations in blood pressure in OP compared to OR and LF rats. The observed increase in the vascular response to KCl indicates that depolarization-induced influx of extracellular calcium is increased in vessels from obese hypertensive rats. Interestingly, in male Osborne-Mendel rats fed a high fat diet, voltage-clamp examination of cerebral arterial cells demonstrated elevated L-type Ca þ 2 current density. 30 Thus, obesity may increase vascular responsiveness by elevated extracellular calcium influx through L-type calcium channels. However, enhanced responses to PE were observed even when results were normalized to the KCl response. Thus, in addition to alterations in voltage-gated calcium entry, other mechanisms appear to contribute to enhanced sensitivity of mesenteric arteries from obese hypertensive rats. Given that maximal calcium-induced contractions were not different between groups, it is unlikely that changes in smooth muscle mass would be resulting in the enhanced contractile responsiveness.
In this study, mesenteric vessels were studied denuded of endothelium to focus on the contractile response of the blood vessel as a potential contributor to hypertension. Endothelium-dependent vasorelaxation has been reported to be impaired in several models of obesity, including Zucker obese rats 31, 32 and in vessels from rats with diet-induced obesity. 13, 29 Interestingly, Auguet et al. 33 found that the contractile response to PE of isolated aortic segments of Zucker obese rats was reduced only when the endothelium was denuded, and that this effect was no longer persistent in the intact vessel. Our results extend these findings by demonstrating an increased contractile response to several agonists in denuded vessels from OP rats. It would be interesting to determine whether these effects are maintained in the intact vessel. To determine whether elevations in blood pressure in obese rats were associated with alterations in cardiac function, we examined contractile responsiveness and coronary artery flow in the isolated perfused heart. Recent studies demonstrate that aortic output was diminished in rats fed a cafeteria diet for 16 weeks. 34 Alterations in aortic output were associated with elevated systemic AngII in obese rats, and administration of losartan improved aortic output. We also observed elevated concentrations of systemic angiotensin peptides in obese hypertensive rats; however, baseline cardiac contractility was not altered in OP rats. The shorter duration of diet-induced obesity in this study may have been insufficient to result in alterations in baseline contractility. Our results demonstrate that while baseline and isoproterenol-induced contractile function were not altered in hearts from obese hypertensive rats, the ability of isoproterenol to relax coronary arteries and increase myocardial flow was markedly diminished in obese rats. It is unclear whether reductions in isoproterenol-stimulated coronary artery dilation are the result of elevations in systemic concentrations of angiotensin peptides. Previous studies in hearts from JCR:LA-corpulent rats demonstrated that while contractile function was not altered compared to lean controls, coronary relaxation to bradykinin was impaired in obese rats. 35 The authors attributed declines in coronary relaxation to impairment of nitric oxide-mediated relaxation. Our results extend these findings by demonstrating that coronary relaxation elicited through b-adrenergic receptor cyclic adenosine monophosphate signaling is also Cardiovascular dysfunction in obesity hypertension CM Boustany-Kari et al impaired in rats with obesity and hypertension. In consequence, obesity may impair the ability of the coronary arteries to increase blood flow in response to elevated cardiac demand. In summary, our findings demonstrate that diet-induced obesity results in hypertension associated with elevated systemic concentrations of angiotensin peptides, enhanced responsiveness of the mesenteric artery to various contractile agonists, and reductions in isoproterenol-induced coronary artery dilation. These results suggest that diet-induced obesity may increase blood pressure through elevations in peripheral vascular tone, potentially initiated by elevations in systemic AngII. In addition, reductions in isoproterenolinduced coronary artery relaxation suggest that the ability of the heart to increase myocardial blood flow in response to elevations in blood pressure would be impaired in dietinduced obesity.
